Introduction
During programmed cell death, apoptotic cells are quickly removed to prevent autoimmune responses and maintain tissue homeostasis. 1, 2 Apoptotic cells engulfed by phagocytes are delivered to lysosomes for degradation through a tightly regulated cellular process called phagosome maturation. A series of orderly membrane fusion and fission events occurs during this process, which leads to the progressive remodeling of the phagosomal compartments and the generation of phagolysosomes capable of degrading cell corpses. 3 As is the case in the endocytic pathway, RAB GTPases, and PtdIns 3-kinases are critical regulators of phagosome maturation. Four RABs control maturation of apoptotic cell-containing phagosomes in C. elegans. RAB-5 and RAB-7, which are recruited and function at early and late maturation stages, promote fusion of phagosomes with early endosomes and late endosomes/lysosomes, respectively. 4, 5 The switch from RAB-5-to RAB-7-positive phagosomes is regulated by the SAND-1(Mon1)-CCZ-1(Ccz1) complex and is important for the progression of phagosome maturation. 6 UNC-108/RAB2 and RAB-14 are required for phagosomal acidification and act in sequential steps with RAB-7 to regulate phagolysosome formation. [7] [8] [9] Two lipid kinases, VPS-34, a class III PtdIns 3-kinase, and PIKI-1, a class II PI/PtdIns 3-kinase, appear to act coordinately to regulate PtdIns3P generation and accumulation on phagosomes, which is essential for apoptotic cell degradation. 4, 10 Like phagocytosis, autophagy is also a lysosome-mediated degradation process involving dynamic membrane rearrangements. In this process, cytosolic materials are sequestered within doublemembrane vesicles called autophagosomes which interact with various endocytic compartments, culminating in the formation of autolysosomes where cargoes are degraded. 11 Evolutionarily conserved Atg and EPG proteins form multiple complexes to regulate autophagosome biogenesis and maturation. [12] [13] [14] Although autophagy is designed to clear long-lived proteins and organelles inside cells, whereas phagocytosis eliminates extracellular targets, recent studies suggest that the autophagy pathway may interact with phagocytosis to remove ingested bacteria. 3, [15] [16] [17] In addition, MAP1LC3 (LC3), the mammalian ortholog of yeast Atg8, is recruited to single-membrane vesicles, like phagosomes and entotic vacuoles, to promote clearance of particles internalized by TLR3 (Toll-like receptor 3)-triggered phagocytosis, apoptotic and necrotic cells or cells engulfed through entosis. [18] [19] [20] LC3-associated phagocytosis (LAP) involves fast recruitment of LC3 to phagosomes, but the characteristic double-membrane Phagocytosis and autophagy are two lysosome-mediated cellular degradation pathways designed to eliminate extracellular and intracellular constituents, respectively. Recent studies suggest that these two processes intersect. several autophagy proteins have been shown to participate in clearance of apoptotic cells, but whether and how the autophagy pathway is involved is unclear. here we showed that loss of function mutations in 19 genes acting at overlapping or distinct stages of autophagy caused increased numbers of cell corpses in C. elegans embryos. in contrast, genes that mediate specific clearance of P granules or protein aggregates through autophagy are dispensable for cell corpse removal. We showed that defective autophagy impairs phagosome maturation and that autophagy genes act in parallel to the class ii phosphoinositide (Pi)/phosphatidylinositol (Ptdins) 3-kinase PiKi-1 to regulate phagosomal Ptdins3P in a similar manner as VPs-34. Our data indicate that autophagy may coordinate with PiKi-1 to promote phagosome maturation, thus ensuring efficient clearance of apoptotic cells.
autophagosomes are not formed. LAP requires functions of ATG5, ATG7, BECN1, and PIK3C3 (the catalytic subunit of the class III phosphatidylinositol 3-kinase, formerly known as VPS34) but not ULK1, which is important for autophagy activation, suggesting the involvement of distinct mechanisms from the classical autophagy pathway. 18, 19 Autophagy proteins are also found to affect apoptotic cell degradation in worms. Inactivation of bec-1, the C. elegans BECN1 ortholog, causes accumulation of embryonic and germ cell corpses. [19] [20] [21] [22] We previously observed that loss of the autophagy proteins EPG-5 (human EPG5 ortholog) and ATG-18 (yeast Atg18, human WIPI1 ortholog) causes defects in apoptotic cell clearance in the epithelial hyp7 cell. However, as loss of ATG-7 (yeast Atg7, human ATG7 ortholog) or UNC-51 (yeast Atg1, human ULK1 ortholog) does not affect cell corpse degradation in the hyp7 cell, these autophagy proteins may act in a manner independent of the conventional autophagy pathway. 23 In a recent report, however, several mutants that affect autophagy at different steps, cause delayed removal of cell corpses in C. elegans embryos, implying that the autophagy process may be involved. 22 Thus, systematic studies are needed to determine whether and how the autophagy pathway regulates apoptotic cell clearance.
In this study, we examined 22 C. elegans mutants and found that loss of function of genes acting at overlapping or distinct steps of autophagy all caused increased embryonic cell corpse numbers, whereas loss of receptors or bridging molecules involved in specific degradation of P granules or protein aggregates had no phenotype. We showed that defective autophagy impairs phagosome maturation and our further genetic and cell biological analyses indicate that autophagy genes act in the same pathway with VPS-34 but in parallel to the class II PI/PtdIns 3-kinase PIKI-1 to regulate PtdIns3P on phagosomes, thus ensuring efficient clearance of apoptotic cells.
Results

Efficient clearance of apoptotic cells requires functions of the autophagy pathway
To investigate whether the autophagy pathway is involved in apoptotic cell clearance, we examined 22 mutants that affect various steps of autophagy or specific clearance of P granules/ protein aggregates. 12, 14, 24 We found significantly increased numbers of cell corpses in embryos of 19 mutants which are defective in genes acting in initiation of phagophore formation (unc-51, epg-1/atg -13, vps-34, epg-8, bec-1) , progression from phagophores to complete autophagosomes (atg-18, atg-2, epg-6, atg -9, lgg-1, atg-3, atg-5, atg-7, atg-10, atg-4.1, atg-4.2, epg-3, epg-4) , 25 and maturation of autophagosomes (epg-5) (for a cross-referencing of corresponding acronyms across C. elegans, yeast, and human, see Table 1 ) ( Table 1 and Fig. S1A and S1B) . In contrast, mutations in sepa-1, epg-2, or sqst-1, which act as receptors/bridging molecules to mediate specific clearance of PGL granules or protein aggregates through autophagy, did not show obvious cell corpse phenotypes ( Table 1) . We found that cell death occurrence was normal but cell corpses persisted longer in autophagy mutants than in wild type ( Fig. S1C and S1D ), suggesting that cell corpse removal is affected. Double mutants of two atg or epg genes that act at different steps of autophagy did not have an enhanced cell corpse phenotype, suggesting involvement of the autophagy pathway in this process ( Table 1) . We further performed time-course analysis of cell corpses that appear during embryogenesis in 9 mutants, which affect initiation (epg-1, epg-8, bec-1), progression (atg-18, epg-6, lgg-1, atg-3, atg-7) or maturation (epg-5) of autophagosomes. In all of these mutants, cell corpse accumulation was observed at the comma stage, became more evident at the 1.5-to 3-fold embryonic stages and diminished at the 4-fold stage, indicating that cell corpse clearance is partially impaired (Fig. S1A and S1B) . No obvious increase in germ cell corpses was observed in several autophagy mutants that impair autophagosome formation at different steps (Fig. S1E) .
Phagosome maturation is impaired in autophagy mutants Apoptotic cells are recognized and internalized by phagocytes. This process can be visualized by monitoring dynamic changes of the phagocytic receptor CED-1-GFP, which localizes to extending pseudopods and nascent phagosomes during engulfment and is released from phagosomes by the retromer complex shortly afterwards. 26, 27 We found that CED-1-GFP formed ring-like structures surrounding apoptotic cells in two autophagydefective mutants, atg-3(bp412) and epg-6(bp242), with kinetics similar to wild type ( Fig. 1A and B) . In contrast, clustering of CED-1-GFP around cell corpses and its release from phagosomes were both severely affected in ced-6(n2095) mutants, which have impaired cell corpse engulfment (Fig. 1A) . 28 We found that actin cytoskeleton changes (assembly and disassembly) during cell corpse engulfment in atg-3 and epg-6 mutants were the same as in wild type ( Fig. S2A and S2B ), whereas ced-1 mutation affects cell corpse engulfment and disrupts formation of the GFP-ACT-1 ring around apoptotic cells (Fig. S2A) . 27 These data indicate that internalization of cell corpses is not affected in autophagy mutants. In atg-3 and epg-6 mutants, we observed that the CED-1-GFP ring formed normally but persisted a little longer on phagosomes than in wild type, suggesting possible defects in phagosome maturation (Fig. 1C) . To further test this, we examined markers that associate with phagosomes at different maturation stages in 8 atg and epg mutants in which autophagy is impaired at various steps. We were not able to examine GFP-RAB-5 labeling in mutants of epg-1 and epg-6 because they are located on the same chromosome as the reporter and RNAi treatment failed to inactive gene expression efficiently. We found that phagosomal association of RAB-5 and RAB-7, which are recruited at early and late maturation stages, respectively, decreased significantly in all autophagy mutants tested (Fig. 1D , E, G, and H). Moreover, phagosomal labeling by the lysosomal membrane protein LAAT-1 was also reduced in atg and epg mutants ( Fig. 1F and  I) . 29 These data indicate that phagosome maturation is impaired in autophagy mutants. We observed significant reduction in the percentage, but not the actual numbers, of cell corpses labeled by phagosomal markers in atg and epg mutants, suggesting that the phagosome maturation process is delayed but not totally blocked ( Fig. 1G-I ; data not shown).
Autophagy genes act in parallel to piki-1 to promote cell corpse clearance PtdIns3P generation and accumulation on phagosomes is essential for apoptotic cell removal. This process is regulated both by PIKI-1, a class II PI/PtdIns 3-kinase, and VPS-34, a class III PtdIns 3-kinase. 4, 10 Loss of piki-1 or vps-34 causes significantly reduced PtdIns3P on phagosomes, while loss of both almost completely blocks PtdIns3P generation and causes a more severe cell corpse removal defect than either of the single mutants. 10, 30 We examined phagosomal labeling by YFP-2xFYVE, a PtdIns3P biosensor, in 8 atg and epg mutants that impair autophagy at various steps. We found significantly reduced YFP-2xFYVE labeling in all of the 8 mutants, suggesting that PtdIns3P generation and/or accumulation on phagosomes is affected -6(bp242) . "" represents a significant increase in the number of cell corpses, and "No" means no significant change. The homologous genes from human and yeast are also shown in the columns on the right.
( Fig. 2A and B) . We found that loss of atg-3, epg-6 or piki-1 caused a similar reduction in phagosomal PtdIns3P, which was further reduced in atg-3(lf);piki-1(lf) and epg-6(lf);piki-1(lf) double mutants ( Fig. 2C and D) . Mutations in epg-1, epg-8, lgg-1 or epg-5 also caused further reduction of phagosomal PtdIns3P in piki-1 mutants (Fig. S2C) . Loss of vps-34 caused greater reduction of phagosomal PtdIns3P than piki-1 or autophagy mutants and this phenotype was further enhanced by mutation in piki-1 but not atg-3 or epg-6 ( Fig. 2C and D) . We found that bec-1 mutation reduced phagosomal PtdIns3P to a level similar to loss of vps-34 and this phenotype was further enhanced by piki-1 mutants like in vps-34;piki-1, consistent with BECN1 and PIK3C3/VPS34 acting as a complex ( Fig. 2A, B, and D) . 31 Both the percentage and the actual numbers of cell corpses labeled by YFP-2xFYVE reduced significantly in atg-3;piki-1, epg-6;piki-1, vps-34 or bec-1 mutants, indicating that phagosomal PtdIns3P is severely affected (Fig. 2D; Fig. S2D ).
In addition to lowering the levels of PtdIns3P, we found that loss of atg-3 or epg-6 also led to a further reduction in phagosomal labeling by RAB-5, RAB-7, and LAAT-1 in piki-1(lf) but not vps-34(lf) mutants (Fig. 2E-H) . Moreover, the cell corpse phenotype of piki-1 but not vps-34 was enhanced by autophagy mutants (Fig. 2I, Fig. S1D and S2E ; Table S1 ). Taken together, these data indicate that autophagy genes act in the same pathway with VPS-34 but in parallel to PIKI-1 to promote phagosome maturation and cell corpse removal.
Autophagy genes coordinate with PIKI-1 to regulate PtdIns3P on phagosomes
The above data suggest that autophagy genes act in the same pathway with VPS-34 but in parallel to PIKI-1 to regulate PtdIns3P on phagosomes. To further investigate how phagosomal PtdIns3P is regulated by autophagy, PIKI-1 and VPS-34, we performed time-lapse analyses to follow PtdIns3P dynamics on apoptotic cell-containing phagosomes. In wild-type embryos, YFP-2xFYVE rings appeared on phagosomes 4.1 min after the "button-like" morphology of cell corpses was clearly seen or 2.7 min after the ACT-1 ring was fully formed (Figs. 3A and H;  Fig. S3C and S3D) . YFP-2xFYVE persisted for an average of 4.4 min, indicating transient appearance of PtdIns3P on phagosomes ( Fig. 3A and I) . We found that loss of vps-34 caused severe defects in phagosomal PtdIns3P, with YFP-2xFYVE absent from more than 60% of phagosomes, even though these phagosomes were monitored for up to 1 h (Fig. 3F and G) . For the remaining phagosomes that were YFP-positive, YFP-2xFYVE appeared at the normal time but disappeared sooner than in wild type (Fig. 3D,  H, and I) . Unlike vps-34(h797), phagosomes in piki-1(ok2346) mutants were labeled by YFP-2xFYVE as in wild type, but the appearance of the YFP signal was significantly delayed, whereas its duration was not obviously affected ( Fig. 3C and G-I) . Loss of both vps-34 and piki-1 almost completely abolished PtdIns3P generation on phagosomes (Fig. 2D) . Thus, VPS-34 and PIKI-1 are the two PI/PtdIns 3-kinases that act coordinately to control PtdIns3P generation and accumulation on phagosomes. In atg-3(bp412) and epg-6(bp242) mutants, the appearance of YFP2xFYVE on phagosomes was normal as in wild type, but the duration of the phagosomal YFP-2xFYVE signal was shorter than in wild type ( Fig. 3B and G-I) . We found that loss of atg-3 or epg-6 did not affect PtdIns3P phenotypes in vps-34 mutants, but in atg-3;piki-1 and epg-6;piki-1 double mutants, the phagosomal appearance of YFP-2xFYVE was further delayed and more YFP2xFYVE-negative phagosomes were observed (Fig. 3E and G-I) . Consistent with this, loss of piki-1 but not atg-3 caused delayed appearance of YFP-2xFYVE on ACT-1-positive phagosomes and the phenotype was significantly enhanced in atg-3;piki-1 double mutants (Fig. S3C and S3D) . As formation of the ACT-1 ring around cell corpses was not affected in atg-3, piki-1 single mutants or atg-3;piki-1 double mutants ( Fig. S2A and S2B ; Fig. S3A and S3B) , these data further confirmed that piki-1 mutation causes delayed appearance of PtdIns3P on phagosomes and loss of atg-3 enhances the phenotype. Taken together, our data show that loss of piki-1 or autophagy gene (atg-3 and epg-6 ) affects different aspects of phagosomal PtdIns3P (appearance or duration), whereas loss of both causes more severe phagosomal PtdIns3P defects. This suggests that autophagy genes coordinate with PIKI-1 to regulate PtdIns3P on phagosomes.
Loss of VPS-34 but not PIKI-1 affects PtdIns3P on autophagic structures
PtdIns3P generated by the class III PtdIns 3-kinase PIK3C3 complex plays essential roles in the autophagy pathway. 11 We examined PtdIns3P on autophagic structures by quantifying the percentage of LGG-1 puncta that were positive for YFP-2xFYVE. In wild-type embryos, very few LGG-1 puncta (17%) were positive for YFP-2xFYVE ( Fig. 4A and E) . The overlap of LGG-1 and YFP-2xFYVE was greatly increased to 73% in mutants defective in EPG-6, a PtdIns3P-binding protein required for omegasome progression ( Fig. 4B and E) . 12 We found that loss of vps-34 but not piki-1 significantly reduced PtdIns3P on LGG-1 puncta in epg-6(bp242) embryos, suggesting that vps-34, but not piki-1, is required for producing PtdIns3P on autophagic structures (Fig. 4C-E) . Consistent with this, no abnormal accumulation of autophagic structures or autophagy cargo was observed in piki-1(lf) embryos (Fig. S4) . Figure 1 (See opposite page) . autophagy mutations affect phagosome maturation. (A) spinning-disk time-lapse images of cell corpses in wild-type, epg-6(bp242), atg-3(bp412), or ced-6(n2095) embryos expressing ceD-1-GFP. "0 min" represents the time point when the ceD-1-GFP signal was initially detected around a cell corpse. White arrows point to cell corpses fully surrounded by ceD-1-GFP and yellow arrows indicate disappearance of ceD-1-GFP from phagosomes. (B and C) Quantification of formation (B) and duration (C) of ceD-1-GFP rings in different genetic backgrounds. at least 20 cell corpses were followed in each strain. (D-F) Dic and fluorescent images of cell corpses in wild-type, atg-3(bp412) and epg-6(bp242) embryos expressing GFP-RaB-5 (D), GFP-RaB-7 (E), or LaaT-1-mcheRRY (F). The head region of embryos at the 1.5-fold stage in each strain is shown. cell corpses labeled by fluorescent markers are indicated by white arrows and yellow arrows point to unlabeled corpses. (G-I) The percentage of cell corpses labeled by GFPRaB-5 (G), GFP-RaB-7 (H), and LaaT-1-mcheRRY (I) was quantified in wild type (N2) and various autophagy mutants as indicated. at least 15 embryos at the 1.5-fold stage were scored in each strain. in (B, C, and G-I) , data are shown as mean ± s.d. Unpaired t-tests were performed to compare data sets derived from autophagy mutants with wild type. N.s., no significance; *P < 0.05; **P < 0.0001. scale bar: 5 μm.
Discussion
Although mutations in several autophagy genes have been shown to affect clearance of apoptotic cells in C. elegans embryos, larvae and adult germline, whether and how the autophagy pathway is involved is not clear. Here we found that 19 mutants that impair autophagy at overlapping or distinct steps all showed a similar cell corpse phenotype and loss of two genes acting at different steps of autophagy did not cause an enhanced cell corpse phenotype. These data provide the strongest evidence yet that normal autophagy function is required for efficient clearance of apoptotic cells. Consistent with this, loss of SEPA-1, EPG-2 or SQST-1, which are bridging molecules or receptors involved in specific clearance of PGL granules or protein aggregates through autophagy, did not cause obvious cell corpse phenotypes.
Our data indicate that defective autophagy impairs phagosome maturation, causing significantly reduced PtdIns3P on phagosomes and decreased phagosomal association of RAB-5, RAB-7 and the lysosomal membrane protein LAAT-1. How is phagosome maturation regulated by autophagy? LC3-associated phagocytosis involves fast translocation of LC3 to phagosomes, which is important for efficient degradation of various cargoes by macrophages. 18, 19 In the C. elegans epithelial hyp7 cell, we previously observed recruitment of autophagy proteins EPG-5, ATG-18 and LGG-1 to apoptotic cell-containing phagosomes. 23 In C. elegans embryos, however, we failed to see clear association of autophagy proteins such as LGG-1, ATG-5, ATG-3 and ATG-18 with phagosomes. Thus, the regulatory mechanism employed by the autophagy pathway to promote cell corpse degradation in C. elegans embryos is likely different from that in the hyp7 cell or LAP, which only requires part of the autophagy machinery or several autophagy proteins.
It has been suggested recently that bec-1/VPS30/BECN1, and perhaps other autophagy genes function in parallel with the two partially redundant engulfment pathways to promote apoptotic cell removal. 22 We found that phagosome maturation but not cell corpse engulfment is affected in autophagy mutants. Defective autophagy significantly enhanced both the persistent cell corpse phenotype and the phagosome maturation defects in piki-1 but not vps-34 mutants. These data indicate that autophagy genes act in the same pathway with VPS-34 but in parallel to PIKI-1 to regulate apoptotic cell clearance downstream of engulfment. Like other autophagy mutants, loss of bec-1 causes defects in phagosome maturation and accumulation of persistent cell corpses, phenotypes that are both enhanced by piki-1 mutation. Moreover, in bec-1(lf) mutants, the reduction in the phagosomal PtdIns3P level was greater than in atg and epg mutants but similar to vps-34 loss-of-function mutants, and the PtdIns3P reduction by bec-1 was further enhanced by piki-1 mutation, resembling the phenotype of vps-34;piki-1 double mutants. Thus, the BEC-1-VPS-34 complex may regulate PtdIns3P generation on phagosomes like in autophagy and endocytosis.
We observed more severely reduced phagosomal PtdIns3P in vps-34(lf) than in piki-1(lf), while loss of both almost completely abolished YFP-2xFYVE labeling on phagosomes. This suggests that VPS-34 and PIKI-1 are the two PI/PtdIns 3-kinases that act in parallel to control PtdIns3P generation on phagosomes with VPS-34 playing a major role in this process. Our data revealed that autophagy genes act in the same pathway with VPS-34, in parallel to and coordinate with PIKI-1 to regulate phagosomal PtdIns3P. Unlike the class II PI/PtdIns 3-kinase PIKI-1, which appears to be crucial only for the regulation of PtdIns3P on apoptotic cell-containing phagosomes ( Fig. 4; Fig. S4) , 10 the class III PtdIns 3-kinase VPS-34 regulates multiple PtdIns3P-mediated processes including endosome maturation, phagosome maturation and autophagy. Our findings that autophagy genes act in the same pathway with VPS-34 but their loss of function causes a weaker reduction of PtdIns3P on phagosomes suggest that autophagy may mediate in part the regulation of phagosomal PtdIns3P by VPS-34. The role of autophagy may be achieved by fusing PtdIns3P-containing autophagic structures with phagosomes. However, as we did not observe stable associations of autophagy proteins with phagosomes, the fusions must occur very transiently. Alternatively, defective autophagy may affect VPS-34 function in other PtdIns3P-mediated processes such as phagosome maturation. It was reported recently that different PIK3C3 complexes are differentially regulated in response to glucose starvation, during which the nonautophagy PIK3C3 complex is inhibited, while the proautophagy complex is activated. 32 Thus, functions of different PIK3C3-controlled PtdIns3P-mediated processes coordinate under certain conditions. Future investigations are needed to determine how VPS-34 function in phagosome maturation may be affected by autophagy. It will also be interesting to test whether and how endosomal PtdIns3P generated by VPS-34 may contribute to regulation of PtdIns3P on phagosomes.
Materials and Methods
C. elegans strains
Strains of C. elegans were cultured at 20 °C using standard protocols. 33 The N2 Bristol strain was used as the wild-type strain. The following strains were used in this work: linkage group I (LG I): dpy-5(e61), vps-34(h797), atg-4.1(bp410), D and F) , and atg-3(bp412);piki-1(ok2346) (E) embryos expressing YFP-2xFYVe. "0 min" represents the time point when cell corpses (yellow arrows) appear. White arrows point to newly formed YFP-2xFYVe rings and red arrows indicate disappearance of YFP-2xFYVe signal from phagosomes. scale bar: 2 μm. (G) The percentage of cell corpses that were never labeled by YFP-2xFYVe was quantified in the indicated strains by time-lapse analysis. The cell corpses were followed for at least 30 to 60 min after their appearance. at least 40 cell corpses were monitored and quantified in each strain. (H and I) The recruitment (H) and duration (I) of YFP-2xFYVe on phagosomes were quantified in wild type (N2) and various mutants as indicated. at least 20 corpses were followed in each strain and data are shown as mean ± s.d. Unpaired t-tests were performed to compare data sets with the first column in each cluster or as indicated by the linking lines. N.s., no significance; *P < 0.05; **P < 0.0001. 
Quantification of cell corpse accumulation, cell corpse duration, cell death occurrence, and phagosome maturation Cell corpses were counted in the head region of living embryos either at the six different embryonic stages (bean/comma, 1.5-fold, 2-fold, 2.5-fold, 3-fold, and 4-fold) for a time-course analysis or at the 1.5-fold embryonic stage as described before. 34 Four-dimensional (4D) microscopy analysis was performed to measure cell corpse duration and cell death occurrence as described previously. 35 To examine phagosome maturation, DIC and fluorescence images were captured with a Zeiss Axioimager A1 (Carl Zeiss) equipped with epifluorescence and an AxioCam monochrome digital camera (Carl Zeiss) and were processed and viewed using Axiovision Rel. 4.7 software (Carl Zeiss). The percentage of cell corpses labeled by various phagosomal markers was quantified at the 1.5-fold stage by dividing the total number of cell corpses by the number of the labeled ones, which were examined at multiple focus planes.
Confocal time-lapse recording Confocal fluorescent images of embryos expressing GFP-ACT-1 or YFP-2xFYVE at the precomma or comma stage were captured using a Zeiss LSM 5 Pascal inverted confocal microscope (Carl Zeiss) with 488 and 543 lasers and processed and viewed using LSM Image Browser software. Images in 20-30 z series (1.0 μm/section) were captured every 1.5 to 2 min for 1 to 2 h. To monitor cell corpse internalization or YFP-2xFYVE recruitment, the appearance of "raised button" cell corpse morphology was defined as the "0" time point and the time period until the cell corpse was fully surrounded by GFP-ACT-1 or YFP-2xFYVE was recorded. To quantify the duration of GFP-ACT-1 or YFP2xFYVE, the "0" time point was defined as the time at which the GFP-ACT-1 or YFP-2xFYVE ring was fully formed, and the time period until the disappearance of the ring was followed.
Spinning-disk time-lapse recording Fluorescent images of embryos expressing CED-1-GFP or colabeled by mCHERRY-ACT-1 and YFP-2xFYVE at the precomma or comma stage were captured using a 100× lens objective on an inverted fluorescence microscope (Nikon Eclipse Ti-E) with an UltraView spinning-disc confocal scanner unit (Perkin Elmer). Images in 20-25 z series (1.0 μm/section) were captured every 1 min for 1 to 2 h. Images were viewed and analyzed using Volocity software. To monitor cell corpse internalization, the initial appearance of CED-1-GFP signal around a cell corpse was defined as the "0" time point and the time period until the cell corpse was fully surrounded by CED-1-GFP was recorded. To quantify the duration of CED-1-GFP, the "0" time point was defined when the CED-1-GFP ring was fully formed, and the time period until disappearance of the ring was followed. To monitor recruitment of YFP-2xFYVE after cell corpse internalization, the time point when the mCHERRY-ACT-1 ring was fully formed was defined as "0" min, and the time period until the cell corpse was surrounded by YFP-2xFYVE was recorded.
Immunostaining Mixed stage embryos were fixed with methanol/acetone followed by blocking in phosphate buffered saline (PBS) containing 1% BSA and 10% fetal calf serum for 2 h at 4 °C. The samples were then incubated with primary antibodies anti-LGG-1 (1: 1000), anti-GFP (1:1000, for embryos expressing YFP-2xFYVE; Roche, 11814460001) or anti-SEPA-1 (1:10,000) in blocking buffer at 4 °C overnight. 14, 24 After washing three times with PBST (PBS + 0.2% Tween 20), the samples were incubated with Texas red-conjugated (Jackson ImmunoResearch, 112-075-003) and/or FITC-conjugated secondary antibodies (Jackson ImmunoResearch, 115-095-003) at a 1:200 dilution for 2 h at room temperature. The stained samples were washed three times as before and mounted in 15% VECTASHIELD mounting medium with DAPI (VECTOR) and visualized using a Zeiss LSM 510 Meta inverted confocal microscope (Carl Zeiss).
RNAi To inactivate atg-18 by RNAi, dsRNA (corresponding to bases 340 to 818 of the cDNA of atg-18) was synthesized in vitro (~1000 ng/μl) and injected into the gonad of young adult hermaphrodites. The phenotype of embryos laid between 12 to 24 h post-injection was examined.
Statistical analysis
The standard deviation (SD) was used as the y error bar for bar charts plotted from the mean value of the data. Data derived from different genetic backgrounds were compared by the Student two way unpaired t-test. Data were considered statistically different at P < 0.05 (indicated in the figure legend).
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